Understanding peroxidase function in plants is complicated by the lack of substrate specificity, the high number of genes, their diversity in structure and our limited knowledge of peroxidase gene transcription and translation. In the present study we sequenced expressed sequence tags (ESTs) encoding novel heme-containing class III peroxidases from Arabidopsis thaliana and annotated 73 full-length genes identified in the genome. In total, transcripts of 58 of these genes have now been observed. The expression of individual peroxidase genes was assessed in organ-specific EST libraries and compared to the expression of 33 peroxidase genes which we analyzed in whole plants 3, 6, 15, 35 and 59 days after sowing. Expression was assessed in root, rosette leaf, stem, cauline leaf, flower bud and cell culture tissues using the gene-specific and highly sensitive reverse transcriptasepolymerase chain reaction (RT-PCR).We predicted that 71 genes could yield stable proteins folded similarly to horseradish peroxidase (HRP). The putative mature peroxidases derived from these genes showed 28-94% amino acid sequence identity and were all targeted to the endoplasmic reticulum by N-terminal signal peptides. In 20 peroxidases these signal peptides were followed by various N-terminal extensions of unknown function which are not present in HRP. Ten peroxidases showed a C-terminal extension indicating vacuolar targeting. We found that the majority of peroxidase genes were expressed in root. In total, class III peroxidases accounted for an impressive 2.2% of root ESTs. Rather few peroxidases showed organ specificity. Most importantly, genes expressed constitutively in all organs and genes with a preference for root represented structurally diverse peroxidases (< 70% sequence identity). Furthermore, genes appearing in tandem showed distinct expression profiles. The alignment of 73 Arabidopsis peroxidase sequences provides an easy access to the identification of orthologous peroxidases in other plant species and will provide a common platform for combining knowledge of peroxidase structure and function relationships obtained in various species.
Peroxidase enzymes have challenged chemists and biologists for more than 70 years and have been used in a great number of analytical applications [1] . The majority of peroxidases contain an extractable heme (Fe 3+ protoporphyrin IX) center, whereas others contain a cytochrome c type heme, a selenium center or a vanadium center. Peroxidases react first with a peroxide to yield highly oxidizing intermediates with redox potentials up to 1000 mV and thereafter with a variety of organic or inorganic reducing substrates, which are often oxidized to form radicals. Peroxidase activity was detected early in horseradish roots (reviewed in [1] ), which is still the major source of commercial heme peroxidases. In addition, peroxidases have been isolated from a variety of plant, animal, fungal and bacterial sources. The bacterium Escherichia coli expresses a single intracellular heme peroxidase with dual catalase-peroxidase activities [2] , a finding confirmed by its genome sequence [3] . Mitochondrial yeast cytochrome c peroxidase, chloroplast and cytosol plant ascorbate peroxidases are rather similar in amino acid sequence to the bacterial enzymes, and they are collectively referred to as class I peroxidases [4] . These intracellular peroxidases appear to function as protective peroxide scavengers and they constitute in plants a small family of 7-10 genes, encoding both soluble and membrane bound enzymes [5] . White-rot fungi like Phanerochaete chrysosporium and Trametes versicolor contain a small gene family encoding approximately 10 different lignin-degrading or Mn-dependent heme peroxidases. In contrast, the ink cap fungus Coprinus cinereus contains only a single peroxidase gene [6, 7] . The extracellular fungal peroxidases (class II) can participate in secondary metabolism under conditions of limited nutritional supply [8] . The classical plant peroxidases (class III) are targeted via the endoplasmic reticulum (ER) to the outside of the plant cell or to the vacuole. They are ascribed a variety of functional roles in plant biology, which include lignification, suberization, auxin catabolism, defense, stress and developmentally related processes (reviewed in [9, 10] ).
Prior to the present study it was known that horseradish contained at least nine different genes for class III peroxidases [11] . With this background, it seemed ideal to study the entire repertory of plant peroxidase genes in the model plant Arabidopsis thaliana, which belongs to the same botanical family, taking advantage of the expressed sequence tag (EST) sequencing programs in progress [12] [13] [14] , as well as the results of the Arabidopsis genomic sequencing project [15] . Here we report the complete sequencing and mRNA expression analyses of class III Arabidopsis peroxidase transcripts mostly obtained from the EST projects, and the predicted protein structures derived from all 73 Arabidopsis peroxidase genes [16] .
M A T E R I A L S A N D M E T H O D S
DNA sequencing and gene annotation BLAST and Entrez services at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov) [17, 18] were used to search databases (nonredundant and dbEST). EST clones were obtained from the Arabidopsis Biological Resource Center, Ohio State University [12, 13] , Genome Systems (Genome Systems Inc, St Louis, USA), and the Kasuza Institute [14] . Plasmid DNA purification and sequencing were performed as described previously [19] and both strands were sequenced.
Genes encoding class III peroxidases in Arabidopsis were searched for in the Munich Information Center for Protein Sequences (MIPS) [20] and The Institute for Genomic Research (TIGR) [21] annotated databases using the keyword ÔperoxidaseÕ. Lists of genes were extracted and those coding for class I peroxidases (ascorbate peroxidases), glutathione peroxidases and catalases were removed, leaving a set of 75 nonredundant accessions. Predictions of intron splice-sites were done with NETPLANTGENE [22] (http://www.cbs.dtu.dk/services/). Putative transcriptional start sites and TATA-like boxes were mapped in the 5¢-UTR with the eukaryotic neural network promoter prediction server at http://www.fruitfly. org/seq_tools/promoter.html, using human and fruit-fly data. Predicted results were compared with known 5¢-UTRs from publicly available cDNA sequences. Nucleotide compositions of the 5¢-UTRs were computed as described in [23] .
Protein sequence alignment
Amino acid sequences were derived from the coding regions of the expressed genes using the program NETSTART for plants [24] (http://www.cbs.dtu.dk/services/NetStart/) for predicting initiating Met. The N-terminal signal peptides were predicted with the SIGNALP program [25] (http:// www.cbs.dtu.dk/services/SignalP-2.0/) and checked with the TARGETP program [26] (http://www.cbs.dtu.dk/services/ TargetP/). The alignments were performed with the CLUSTALX program [27] using the GONNET substitution matrices [28] on truncated sequences corresponding to residues 1-305 of mature HRPC. A first alignment was done with all sequences to obtain similarity clusters. An improved alignment was built using the profile alignment mode of CLUSTALX. First, a group of sequences highly similar to horseradish peroxidase C (HRPC) was aligned taking into account the secondary structure assignments for HRPC (default settings in CLUSTALX). This group of aligned sequences was then used as a core onto which clusters of sequences were added sequentially. Finally, minor manual adjustments were made to exclude an excessive number of gaps.
In calculating the pairwise distances, the sequence length was defined as all matched residues, not counting gaps. Calculation of pairwise distances and isoelectric points used only aligned full-length sequences, which were truncated to start at the position corresponding to the N-terminal pyroglutamate residue of mature HRPC, and ending at the position corresponding to HRPC residue N305 [29] .
Plant material and RNA purification
A. thaliana seeds, ecotype Columbia were kindly provided by F. Floto, and cell suspension culture by O. Mattsson, both at the Department of Plant Physiology, University of Copenhagen. Plants were grown in plastic containers on Murashige and Skoog medium (catalog no. 2606, Betatech) at 25°C, 16 h light (3000 lux). Plants were harvested 3, 6, 15, 35 and 59 days after sowing. Plants older than 15 days were dissected into roots, rosettes, cauline leaves, stems and flower buds and the tissue was transferred immediately into liquid nitrogen and ground in a mortar. Total RNA was isolated using an RNeasy total RNA purification kit (QIAGEN) according to the manufacturer's instructions. The quality of the RNA was evaluated by gel electrophoresis and by measuring A 260 /A 280 . Purified RNA was stored at )80°C.
RT-PCR analysis
The RT-PCR analyses were performed using the PerkinElmer GeneAmpÒ RNA PCR kit. An oligo(d[T] 16 ) primer was used for the first strand synthesis. Primers specific to each peroxidase gene were used for the second strand synthesis and PCR amplification (Supplementary material, Table S1 ). The specificity of each set of primers was optimized using the corresponding cDNA clone. Different combinations of annealing temperatures (60-65°C) and concentrations of MgCl 2 (1.0-2.0 mM) were tested to find the optimal conditions at which the primers were specific. When possible, the primers were designed to anneal in the 5¢ sequence encoding the signal peptide or in the 3¢-UTR. Primer sets were tested for specificity in a PCR, performed on a mixture of cDNA clones encoding all the peroxidases investigated, including and excluding the clone encoding the peroxidase for which the primers were designed. RT-PCR analyses were performed twice for each peroxidase using two different reverse transcribed reactions for each time point and organ. As a control of the quality of the mRNA, RT-PCR was performed with primers specific for the elongation factor-1a (ef-1a) [19] . The RT-PCR products were analyzed on a 1% (w/v) agarose gel.
Digital expression analysis
Transcription profiles were inferred from peroxidase EST counts, abstracted from TIGR A. thaliana Gene Index [30] (AtGI release version 6, May 2001) using ÔperoxidaseÕ as a keyword for the search. Each Tentative Consensus (TC) accession was verified and assigned to a unique peroxidase gene [15, 20] . For each accession, the number of ESTs per library was counted. EST libraries (TIGR codes indicated by ¢#¢) were grouped according to organ: 1, root Columbia, #5336 [14] , root-1 and -2 Col0 Columbia, #2336 and #2337 (Genome Systems, Inc.); 2, seedling hypocotyl CD4-13, -14, -15 and -16, #NH28, #NH25, #NH26 and #NH27 [12] ; 3, rosette-1, -2 and -3 Col0 Columbia, #2338, #2340 and #2341 (Genome Systems, Inc.); 4, above-ground organs two to six weeks-old, #4063, #5335 and #3792 [14] , Ors-A green shoot, #NH12, shoot 2-weeks old, #NH29; 5, flower bud Columbia, #5337 [14] , inflorescence-1 and -2 Col0 Columbia, #2334 and #2335 (Genome Systems, Inc.), flower bud Grenoble-A and -B, #NH08 and #NH09, inflorescence young flower CD4-6, #NH36; 6, green silique Columbia, #5339 [14] , green silique GIF-Seed A, A + B and GIFSilique B, #NH05, #NH06 and #NH07, immature siliques, #2369; 7, developing seeds, #5564 [31] , early developing seeds, #5576, germinating seed, #2370; 8, whole seedling Versailles-VB, -VC and -VD, #NH18, #NH19 and #NH20; 9, various, consisting mainly of the mixed organs k-PRL2 library, #NH11 contributing 27 631 ESTs [12] as well as all remaining EST libraries used in TCs by TIGR: #NH10, #2339, #2342, #4924, #NH03, #NH39, #4921, #4932, #5338, #NH02, #NH01, #NH13, #NH30, #6523, #6524, #7052, #7053, #7054, #7055, #1725, #2373, #2741, #NH04, #NH14, #NH15, #NH16, #NH17, #NH35, #NH44, #NH31, #NH32, #NH34, #NH37, #NH38, #NH40, #NH41, #NH43.
R E S U L T S A N D D I S C U S S I O N cDNA and gene sequences
The total number of ESTs from Arabidopsis has recently increased to 111 206, including 942 class III peroxidase clones (TIGR release v 6.0), or 0.85% of the total. Genes encoding class III peroxidases are easily identified by the most conserved active site motif (Fig. 1) , which is located approximately 70 amino acids from the initiating Met residue, or 210 nucleotides from the initiating AUG codon. The selected clones were sequenced completely on both strands and the putative peroxidases called AtP1 to AtP38. The sequences have been deposited at GenBank or EMBL databases under the accession numbers listed in Table 1 . Additional sequences of Arabidopsis peroxidase transcripts were obtained from the literature and our own work, AtPCa, -Cb, -Ea, -N, -A2, -RC (original names retained, except for RCIIIa). Recent large-scale Arabidopsis cDNA sequencing by the Riken Genomic Sciences Center, Yokohama, Japan, and Ceres Inc., Malibu, California, has currently brought the total of nonredundant peroxidase transcripts up to 57, AtP39 to AtP51. These 57 transcripts represent 58 genes, as two identical genes are represented by AtP11 ( Fig. 1 ; Table 1 ). The MIPS gene names are used for the peroxidase genes for which no transcripts have been observed so far. Table 1 , and intron locations mapped to the protein sequences in Fig. 1 (highlighted in reverse print) . Introns 1, 2 and 3 are predominant.
The peroxidase-encoding DNA sequences have been analyzed thoroughly and annotated as in [23] . Table 1 provides an overview of all peroxidase genes and their introns, the percentage adenine content of 5¢-UTRs, predicted initiating Met, lengths of preproperoxidases and ER-signal peptides, and calculated isoelectric points of the putative mature polypeptides truncated to HRPC positions 1-305. The protein sequences predicted from the 73 genes are aligned in Fig. 1 as a base for the comprehensive structural characterization of the entire class III peroxidase repertory of a flowering plant. Sites of initiating Met and ER-signal cleavage were predicted using both hidden Markov (scores reported in Table 1 ) and neural network methods. Possible alternative sites are shown in Supplementary material, Fig. S1 . The nucleotide sequences, annotation and percentage nucleotides of 5¢-UTRs of 73 peroxidase genes are given in the Supplementary material accompanying this paper (Fig. S2 , and Table S2 ).
Nucleotide differences have been observed between similar cDNA clones, and between cDNA and the corresponding gene. This can be ascribed to either allelic variations or to different ecotypes despite the fact that all were designated Columbia. Kjaersga˚rd et al. [19] described two sets of cDNAs for AtP1, AtP1a and AtP1b, with three conserved nucleotide mismatches, and two sets for AtP2, AtP2a and AtP2b, with 19 mismatches and three deletions.
AtP1b and AtP2a are identical in sequence to the genes At4g21960 and At2g37130, respectively. The nucleotide differences result in one amino acid substitution within the putative mature AtP1, and three in AtP2. Differences between transcripts and corresponding genes for AtP4, AtP5, AtP7 and AtPN gave rise to one amino acid substitution within the mature proteins. Two substitutions were found for AtPCb and AtP6, and six for AtP14. Other observed differences resulted from splice variants, for example in AtP9, AtP15 [32] , AtP36 (GenBank AF451952) and AtPEa (TIGR TC115446 and TC115444).
Protein structure of 73 putative peroxidases Figure 1 shows Arabidopsis peroxidases without their predicted ER-signal peptides, sorted and aligned according to similarity. The same similarity order is adopted in Tables 1 and 2 . The sequences are compared with the classical HRPC which is 91% identical to AtPCb. The atomic structure of HRPC has been solved at 2.15 Å resolution by X-ray crystallography [33] . Moreover, HRPC has been solved at 1.8 Å resolution in complex with the substrate analog benzhydroxamic acid [34] , and at 1.45 Å resolution in the ternary complex of HRPC-cyanide-ferulic acid [35] . The structural elements of HRPC are shown in Fig. 2 in the same color as in Fig. 1 for reference. The structures of peanut peroxidase C1 [36] , 67% identical to AtP49, barley grain peroxidase BP1 [37] , 56% identical to AtP4, and recombinant mature AtPN [38] , AtPA2 [39, 40] , and soybean peroxidase SBP [41] , 61% identical to AtPA2 and 60% identical to AtPEa, have also been determined by X-ray crystallography. All showed the same active site structure and very similar protein folds, except for BP1 that is inactive above pH 5, and at pH 5.5, 7.5 and 8.5 has a distorted loop of 21 residues [37] . This appears to be a special feature of BP1. Active site residues of the plant peroxidase superfamily [4] , shown in red in Fig. 1 , include the catalytic distal Arg38, and His42 hydrogen-bonded to Asn70. In addition, the carbonyl of Pro139 accepts a hydrogen bond from reducing substrates and thereby becomes a determinant of peroxidase substrate specificity [39, 40] . At the proximal site of the heme, His170 is coordinated to heme Fe 3+ and hydrogen bonded to Asp247 [42] . Many active site mutants have been designed for HRPC with the purpose of studying the function of the individual side chains (reviewed in [10, 43] ). Proximal His and Asp are both invariant in Fig. 1 . At the distal site, the most significant substitutions occur in the 74% identical AtP50 and At5g24070 proteins, where Phe41-His42 is replaced by Tyr-Ser. The substitution of distal histidine will result in a different reaction mechanism. The change of Asn70, found in seven peroxidases, can cause a significant change in the enzyme kinetics [43] .
Two stabilizing Ca 2+ ions are present in the structures of all active class III peroxidases presently known. Figure 1 shows the predicted side chain ligands in blue, and demonstrates that they are very well conserved. Main chain carbonyl oxygen and a water molecule hydrogen-bonded to the invariant Glu64 contribute other ligands. Each Ca 2+ Table 1 . Annotation of the class III peroxidase gene family in Arabidopsis. Peroxidases are listed in the same similarity order as in Fig. 1 , and referred to by gene accession number at MIPS, AtP name and cDNA accession number at GenBank. Underlined cDNAs were sequenced in this work; accession numbers from Ceres, Inc. are in parentheses. Positions of introns (1, 2, 3 and atypical n) and phases were predicted using the server at the Technical University of Denmark (http://www.cbs.dtu.dk/services/) and confirmed with available cDNA sequences. NETSTART and SIGNALP at this server were used for predicting start methionine residues and N-terminal signal peptides. 5¢-UTR sequences were annotated with known cDNAs and by using the NNPP program at University of California, Berkeley (http://www.fruitfly.org/seq_tools/promoter.html). The length and adenosine content of 5¢-UTRs are given from observed and predicted (o/p) data. Predicted protein length is from the most likely start methionine. Score corresponds to the maximum cleavage site probability predicted with the hidden Markov model. Underlined numbers indicate alternative predictions. pI values were calculated from the putative mature proteins truncated to HRPC residues 1-305. sites of the proximal domains of the AtP50 and At5g24070 proteins have only one negatively charged aspartate, and might bind a monovalent cation similar to some class I ascorbate peroxidases [5] . The presence of four disulfide bridges linking HRPC cysteine residues, 11-91, 44-49, 97-301, and 177-209 are conserved in class III peroxidases only, and highlighted in dark yellow color in Fig. 1 . The last Cys301 of AtP27 is changed to a threonine. Therefore, only three disulfide bridges can exist in this putative peroxidase, presumably resulting in decreased stability.
A buried salt bridge motif, Asp99-Arg123, is an invariant part of all three classes of the plant peroxidase superfamily [44] . This motif (shown in grey shading in Fig. 1 ) includes Ser96 and Asp99 located at the beginning of helix D and connecting to the following long loop in a tight hydrogen bonding network with Gly122-Arg123. This long loop continues around half the molecular surface to the C-terminal domain in all peroxidases. Welinder and Gajhede [45] proposed that the peroxidase superfamily arose by an ancient gene duplication event, where helix D (and exon 2, see Fig. 1 ) terminated the first part corresponding to the present-day N-terminal domain. Consequently, the salt bridge may play an important role in the proper attachment of the N-and C-terminal domains during protein folding.
Several other residues are either invariant or highly conserved (Fig. 1) in class III peroxidases, Leu2, Tyr7, Pro12, Ile17, Phe41, Gly48, Glu64, Gly76, Phe77, Lys84, Glu88, Pro92, Val95, Ala98, Gly114, Pro115, Asp125, Phe152, Asp161, Leu166, Gly168, Gly173, Arg183, Gly242, Leu250, Phe273, Phe277, Met281, Gly295, Arg298 and Asn305. Most of these conserved residues appear to be of importance to the integrity of peroxidase structure. Several aromatic positions, 6, 7, 45, 185, 201 and 233-234, are conserved and might have special functions, for example in electron-transfer reactions. On the other hand, hydrophobic patterns within helices fulfil a standard role in protein packing.
N-linked glycans were predicted for all putative peroxidases and are indicated by green NXS/T triplets (Fig. 1) . Most surface turns or loops connecting helices are amenable to glycosylation, in particular the highly variable loop between helices F¢ and F¢¢. The eight N-linked glycans of HRPC have been experimentally verified [46] . O-linked glycans have never been seen in a plant peroxidase. Triplets containing X ¼ proline, or followed by a proline residue, are not glycosylated in peroxidases that we have sequenced [29, 47, 48] , or in other proteins [49] . The latter statistical study also found a decrease in glycosylated triplets towards the C-terminus. The only glycan seen in barley peroxidase BP1 is found at the Asn-Cys-Ser triplet, residues 300-302, near the C-terminus of the mature peroxidase, however, 31 amino acids before the C-terminus of the properoxidase existing during glycan attachment in the ER [48] . This glycan is most likely present in the similar AtP4 (Fig. 1) . Triplets overlapping with the distal active site residue corresponding to Asn70 of HRPC, or with Ca 2+ ligands that are buried in the folded structure, are unlikely to be glycosylated in a functional peroxidase, and have been excluded in Fig. 1 . Again BP1 provides an experimental example of a nonglycosylated triplet at position Asn70 [48] . The majority of the peroxidases carry one or two putative glycans. Seven appear to be nonglycosylated. Therefore, the high number of glycans found in HRP C, E and A types is unusual among class III peroxidases. Since glycans are large, those close to substrate-binding residues (near Pro139) are likely to affect substrate access and reaction dynamics, due to a dampening of backbone motion [40] .
Half of the putative mature AtPs are likely to start with a pyrrolidone carboxylyl residue (Z) formed from glutamyl (Q). This has been shown experimentally for HRPC, HRPE5 [50] (similar to AtP34 and AtPEa), HRPA2 (similar to AtPA2 [51] ), and for peroxidases originating from tobacco, turnip (reviewed in [11] ), zucchini [52] and soybean (K.G. Welinder, unpublished). Interestingly, following the predicted signal peptide, which varies in length from 19 to 31 residues (Table 1 ), a few peroxidases have an N-terminal extension, which we will refer to as the NX propeptide (Fig. 1) . The possible targeting potential of the N-terminal sequences from the initiating Met was therefore analyzed by TARGETP, which distinguishes between chloroplast, mitochondrial, secretory pathway and ÔotherÕ localizations [26] . All AtPs were predicted for the secretory ER pathway by TARGETP. However, the peculiar G, N or D/E rich sequences of the NX propeptide might indicate a lack of structure and susceptibility to proteolytic degradation. Experimental work on secreted peroxidases isolated from sweet potato tissue culture has demonstrated that their N-termini (Asp-Glu-Ala-Cys-) start only four residues before the first conserved Cys11 of Fig. 1 [53] . This is 66 amino acids after the initiating Met. SIGNALP predicted that only the first 34 amino acids serve as the ER-signal. Therefore, it appeared that more than 30 amino acids had been removed by proteolysis. Whether this was an artefact of tissue culture conditions, or can also occur in planta, is unknown. In the case of BP1, purified from barley grain, the mature protein is indeed extended by seven residues at the N-terminus (Ala-Glu-Pro-Pro-Val-Ala-Pro-) compared to HRPC [48] . In BP1 the prolines might protect against proteolysis. Vacuolar targeting of an NX propeptide is possible. Thus, the protein sporamin contains the vacuolar targeting sequence Asn-Pro-Ile-Arg-Leu at its N-terminus, a sequence that if moved to the C-terminus still provided vacuolar localization [54] . The observation of an NX propeptide in some peroxidases is novel, and its role has not been analyzed experimentally.
Some peroxidases show a C-terminal extension, a CX propeptide, indicated in italics in Fig. 1 , which appears to target for vacuolar import. The function of a CX propeptide was first discussed for barley grain peroxidase BP1, because the cDNA clone encoded an additional 22 residues preceding the stop codon as compared with the amino acid sequence of the mature protein [48] . The import is associated with removal of the propeptide since the purified mature proteins HRPC [46] , HRPE5 [50] and barley grain peroxidase BP1 terminates before these propeptides. Vacuolar location of barley grain peroxidase BP2 has been demonstrated by immuno-gold electron microscopy [55] . BP2 has a CX propeptide similar to that of BP1 but no NX (K.G. Welinder, unpublished results). BP1 is most similar to AtP4, which also has a CX as well as an NX (Fig. 1) . The propeptides indicated in italics for AtP29 and AtP25 are predicted in analogy to peroxidases known to loose the CX. Similar CX peptides have also been observed in chitinases, lectins, proteases, protease inhibitors and others [56] . The targeting features of the propeptide of barley lectin have been analyzed by amino acid substitutions [57] . The unique extension of AtP14 might indicate the presence of a short cystine loop unique to AtP14. Its function, if any, is unknown.
Functional proteins
We predict that all 58 AtPs of Fig. 1 can exist as functional proteins, because (a) they are derived from cloned cDNA and are therefore transcribed, and (b) contain the fundamental sequence characteristics of HRPC. Furthermore, we predict that 13 additional gene products can fold into functional proteins according to (b). Only At4g16270 ? and At4g33870 ? code for abnormal sequences introduced at intron 1 ( position 48) and intron 2 ( position 112), respectively (marked in yellow in Fig. 1 ). The majority of the 71 predicted mature peroxidases have rather high isoelectric points (Table 1 ). In our experience [11] , predicted isoelectric points between 5 and 10 are generally two units lower than the experimental values, because the two calcium ions and the heme are not included in the calculation. Only 11 peroxidases have predicted pI values £ 5, among those AtPA2 and AtP29 (AtPA1) putative orthologs to the wellknown anionic horseradish peroxidases HRPA2 and HRPA1, respectively. Table 2 shows the pairwise amino acid sequence identities among the 33 putative mature peroxidases subjected to RT-PCR expression analysis and illustrates the tremendous evolutionary divergence among the Arabidopsis peroxidases. (All pairs are shown in Supplementary Table S3) . Only a few clusters show greater than 70% amino acid sequence identity, which might be considered as a lower limit for potentially related biochemical function. Such clusters are boxed in Fig. 1 .
Expression of AtP transcripts
Peroxidases show very limited substrate specificity in general. Therefore, the biological functions of Arabidopsis peroxidases were approached by expression studies. The temporal and spatial expression of mRNA coding for Arabidopsis peroxidases was analyzed by RT-PCR. This method can differentiate between similar genes contrary to the methods based on hybridization. RT-PCR is very sensitive, however, it is not a quantitative method. Specificity was obtained using unique primer sets designed to discriminate known peroxidase genes in combination with individually optimized annealing conditions as outlined in the methods section. One primer was preferentially placed in the poorly conserved 5¢-or 3¢-UTR (Supplementary material, Table S1 ). The primer specificity has been checked against the 73 Arabidopsis peroxidase genes. Only the primers for AtP11 cannot discriminate between the identical AtP11.1 and AtP11.2 genes. The PCR fragment sizes were generally between 450 and 950 bp. Experiments were done twice using two different reverse transcribed reactions of purified total mRNA from whole plant and dissected organs at 3-59 days after germination (Table 3 ). The analyses were standardized using ef-1a as a positive reference [19] . This gene was found to be among the 10 most abundant transcripts in Arabidopsis root, flower bud and open flower [58] , and can be considered as constitutively expressed in the plant. This is supported also by its ubiquity in available EST libraries. Table 3 shows all observations including weak ones. Three examples are shown in Fig. 3 .
The RT-PCR expression analyses were carried out for 33 Arabidopsis peroxidase genes, encoding AtP1-24, AtP26, AtP31-33, AtPCa, AtPCb, AtPEa, AtPA2 and AtPN, as only these were available at the time. The majority were expressed from day 6-35 in whole plants (Table 3) . Two transcripts, for AtP14 and AtP19, could not be detected in any organ at any time. The EST count (Table 4) supports that AtP14 is rare, whereas AtP19 is present in root. A sequence error in a primer for AtP19 may have occurred. It appeared that all AtPs, except for AtP14 and AtPCa, are expressed in root. Nine AtPs were found in root only. Thirteen peroxidases were transcribed in all examined organs, whereas nine showed a restricted expression in certain organs.
Recently the Arabidopsis EST database exceeded 100 000 entries. Therefore, counting the ESTs for each peroxidase (Table 4) may provide an independent estimate of gene transcription that is also not biased by gene similarity. On average, 0.85% of all Arabidopsis ESTs presently known encode a class III peroxidase. Table 4 indicates that the level of transcription of peroxidase genes varies tremendously, from zero to 181 ESTs. Twenty-nine of the 49 different AtP ESTs have been seen > 5 times. We consider libraries > 10 000 and EST counts > 5 as significant semiquantitative indicators of expression level [59, 60] , despite the fact that some of the libraries were normalized [14] . Groups 1, root, 4, Ôabove groundÕ or aerial, 6, green silique, 7, germinating seed, 9, ÔvariousÕ (dominated by the PRL2 library [12] ), and ÔtotalÕ shown in Table 4 were considered.
In general, the RT-PCR and EST counts agree well regarding expression. However, the RT-PCR sensitivity was optimized and very high. This can be seen by comparing the expression results of whole plant and root in Tables 3 and 4 . Both methods support a constitutive expression of AtP1, AtP2, AtP9, AtP17, AtP4 and AtPCb. It is noteworthy that these AtPs represent highly diverse structures (Fig. 1,  Table 2 ) and properties. Three peroxidase transcripts, AtP1, AtP16 and AtPCb, have been seen more than 100 times. RT-PCR did not differentiate expression levels among organs of AtP16, while EST counts indicated a high, but not exclusive, preference for root. AtP16 and AtPCb are 91% identical in amino acid sequence (Table 2) and probably catalyze identical reactions, if they are expressed in the same cell type.
In root the AtPs accounted for an impressive 2.2% of ESTs, and 35 different AtPs have already been seen in root (Table 4) . Both RT-PCR and EST counts (Tables 3 and 4) demonstrated root preference of AtP22, AtP3, AtP11, AtP12, AtP5, AtP6, AtP10 and AtP21. Again these AtPs represent highly diverse structures (Fig. 1, Table 2 ), except for AtP10 and AtP21 (83% amino acid identity). In general, it appears that similar peroxidases (> 70% amino acid identity) showed differential expression and therefore possibly fulfil different biological roles.
In the Standford microarray database, expression data for about 8000 Arabidopsis ESTs, including 55 ESTs representing 28 different peroxidase genes, are available (http://genome-www4.stanford.edu/MicroArray/SMD/). Expression levels in root, flower bud and leaf showed a clear preferential expression of all peroxidases in root. High expression levels of peroxidases in root have also been demonstrated in rice, where 21 different peroxidase transcripts were investigated [61] . Peroxidase ESTs were also highly abundant in a root library of rice (Fig. 3 in [62] ). Therefore, all evidence supports that a variety of peroxidase activities are needed in the development and maintenance of root tissue. Table 3 . Temporal and spatial expression of Arabidopsis peroxidase mRNAs analyzed by RT-PCR. The majority of clones originated from a kZipLox library designated PRL2, mixed from etiolated seedlings, roots, rosette leaves, stems, flowers and siliques to represent whole healthy plants at all ages [12] . Whole plants were analyzed at day 3, 6, 15, 35 and 59 after sowing. Roots were analyzed at day 15, 35 and 59, rosettes at day 35 and 59, stems, cauline leaves, and flower buds at day 59. Cell culture was obtained as described previously [51] . Dry seeds gave a low signal for ef-1a and no peroxidases were seen. (+) Indicates observed at all time points. An example experiment with AtP16, AtP13 and AtP22 compared to the control ef-1a is shown in Fig. 3 . EST counts of peroxidases in 111 206 Arabidopsis ESTs are from There is no simple correlation between gene transcription, analyzed in this study, and translation into protein.
Protein extracts from Arabidopsis plants or cell suspension culture showed rather few peroxidase bands after isoelectric focusing. Only the AtPA2 [51] , AtPEa and AtPCb proteins (R. Matthiesen and K.G. Welinder, unpublished results) have been identified. It is plausible that translation of existing peroxidase transcripts may be triggered by stress. Østergaard et al. [23] found that 23 of 30 available AtPs had 5¢-UTRs containing 40-71% adenine, a rare feature observed also in cDNAs that predominantly encoded stress-induced proteins. The present study extends this observation (Table 1 ; Supplementary material, Table S2 ). Among the 57 observed AtPs, 29 clearly have adenine contents > 40% in the observed or predicted 5¢-UTRs, and only 18 have < 40% A. Some are close to 40% A, or the observed 5¢-UTR were different from the predicted 5¢-UTR. The transcripts for C-, E-and A-types AtPCb, AtPCa, AtP16, AtPEa and AtP34 all have adenine contents < 40% and are therefore thought to be translated into proteins by the standard mechanism. The 5¢-UTR analyses revealed that very long transcripts have been found for AtPCb and for AtPA2, but only once (not shown), whereas the majority of transcripts were shorter and of lengths comparative to those for the similar AtP16 and AtP29, respectively (Supplementary material, Fig. S2 ). This indicates that alternative sites for the start of transcription might be functional.
AtP1 provided an unusual example in several respects. It is the most highly expressed of all AtPs (181 ESTs), but it has no consensus TATA-box. The AtP1 protein has not been detected despite a 38-39% A content of the 5¢-UTR. However, studies of recombinant AtP1 showed a very low specific peroxidase activity and absorption spectra typical of cytochrome b 5 -type heme coordination, independent of pH (I.V.H. Kjaersga˚rd and K.G. Welinder, unpublished results). Therefore, AtP1 will stain poorly for peroxidase activity and might not be detected.
The A-, C-, and E-type peroxidase proteins are abundant in horseradish root, and traditionally named according to pI, with A being the most acidic and E the most basic [1, 50, 63] . The transcripts for AtPC-type, AtP16 (129 ESTs) and AtPCb (101 ESTs), are the most abundant of all in Arabidopsis root, contrary to AtPCa (2 EST), AtP38 (6 ESTs) and At4g08780 (0 ESTs). The gene for AtPCa is followed in tandem by AtPCb on chromosome 3, whereas AtP16 is single (gene numbers and names in Table 1 ; protein similarity in Fig. 1 ). The genes for AtP38 and At4g08780 are also in tandem, however, in inverted orientation. The two E-types of genes also appear in tandem, AtPEa (62 ESTs) is followed by AtP34 (7 ESTs). Both are well expressed in root. All C-and E-type transcripts encode a vacuolar targeting CX signal (Fig. 1) . The biological functions of the abundant cationic C-and E-type peroxidases are unknown.
AtP38 appears to be the ortholog of HRPC2 (91% amino acid identity). Shinmyo et al. [64] have studied the promoter activity and wound-induction of HRPC and -E types, and of AtPCa and AtPEa. Most remarkably, C2, and only C2, responded strongly to wounding. The AtP38 gene might respond similarly.
The Arabidopsis genome encodes two 84% identical anionic A-type peroxidases (Supplementary material, Table S3 ). AtPA2 is followed in tandem by AtP29 (AtPA1, putative ortholog of HRPA1). Both AtPA2 (3 ESTs) and AtP29 (3 ESTs) showed low expression and preference for root. It is interesting that only AtP29 has a CX propeptide, which suggests a vacuolar location (Fig. 1) . This difference does not exist between any other tandem pairs of peroxidase genes (L. Duroux and K.G. Welinder, unpublished results). The role of the extracellular AtPA2 in lignification has been demonstrated recently [39] .
Stress and peroxidase expression
Rather few transcripts were seen in cell suspension culture derived from root tissue, despite the fact that nearly all AtPs were observed in root (Table 3) . AtPA2, however, constituted the major peroxidase of spent medium, and was originally purified and cloned from this source [51] . The result suggested that many of the peroxidase genes expressed in root in standard growth conditions were down-regulated when the organ was subjected to conditions of stress, except for the extracellular lignifying AtPA2.
From the total of 942 AtPs encoding ESTs, 916 originated from healthy plants grown at normal conditions, TC115663  15  2  7  24  AtP17  TC121524  2  2  13  5  22  AtP15  TC109700  8  1  9  1 8  AtPRC  TC109863  5  1  2  2  3  13  AtP12  TC121670  2  11  13  AtP13  TC103850  6  2  5  1 3  AtP6  TC115900  5  2  5  1 2  AtP35  TC109980  11  11  AtP10  TC109924  10  1  1 1  AtP21  TC104183  6  3  9  AtP5  TC104287  3  1  4  8  AtP34  TC115445  5  2  7  AtP23  TC116168  2  5  7  AtP24  TC122224  4  2  1  7  AtP27  TC122135  2  3  2  7  AtP22  TC104843  3  1  2  6  AtP41  TC122514  5  1  6  AtP38  TC116195  4  2  6  AtPN  TC104410  4  2  6  AtP7  TC104292  1  3  4  AtPA2  TC122775  1  1  1  3  AtP29  TC104523  2  1  3  AtP20  TC110922  3  3  AtP26  TC105068  1  1  1  3  AtPCa  TC121267  2  2  AtP32  TC117759  1  1  2  AtP31  TC123560  1  1  2  AtP14  TC111256  2  2  AtP46  TC112253  1  1  AtP30  -1  1  AtP18  TC116977  1  1  AtP36  TC122998  1  1  AtP25  TC117275  1  1  AtP28  TC105819  1  1  AtP47  TC125273  1  1  AtP39  TC106126  1  1  AtP48  TC112957  1  1  AtP33  TC125109  1  1  AtP43  TC124099  1  1 and only 26 from liquid cultures or plants exposed to saline stress (included with EST group 9 ÔvariousÕ, [47] is 90% identical to AtP49 (0 ESTs). The TP7 protein is the major isoperoxidase of turnip root, but present only during winter. Therefore, AtP49 might function under similar conditions.
The suberizing peroxidase genes induced in potato and tomato upon wounding and pathogenic attack [65] do not present close relatives in Arabidopsis as demonstrated by sequence comparison to all 73 putative Arabidopsis peroxidases. The protein predicted from AtP49 is the closest to the suberizing peroxidases with 48% identity. Similarly, the extensively studied anionic peroxidase from tobacco [66] has no close relative in Arabidopsis with anionic AtPA2 (65% amino acid identity) being the closest. We consider an AtP a putative ortholog to a class III peroxidase from a different genus of the Brassicaceae family, if the AtP is the closest relative, and if their amino acid sequence identity is ‡ 88%. For nonBrassicaceae flowering plants this cut-off is ‡ 80% amino acid identity.
In general we found that the Arabidopsis repertory of class III peroxidase genes accounted very well for peroxidases from other Brassicaceae, whereas Solanaceae, including potato, tomato and tobacco, Fabaceae, including soybean and peanut, and Poaceae, including barley and rice, have additional groups and subgroups of paralogous peroxidase genes, as illustrated by the few examples mentioned throughout this paper. A phylogenetic analysis of class III peroxidases will appear in a separate paper.
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